Background: Previously, we found that patients with borderline personality disorder (BPD) but not healthy controls (HC) showed improved memory retrieval after hydrocortisone administration. Objective: In this study, we examined whether increases in endogenous cortisol after psychosocial stress are associated with memory function in patients with BPD and in healthy individuals. Methods: We recruited 49 female patients with BPD and 49 female HC. All participants were exposed to a psychosocial stressor, the Trier Social Stress Test (TSST) and a control condition (Placebo (P-)TSST) in randomized order. Salivary cortisol, alpha amylase (sAA) and blood pressure were measured in response to stress. Subsequently, we examined free recall of a previously learned word list, autobiographical memory, and working memory. Results: We found a stress*time*group interaction effect for the cortisol response and for sAA to stress, which is mainly triggered by a slightly different increase in cortisol between groups from pre to post TSST. Furthermore, BPD patients showed a less pronounced increase in diastolic blood pressure compared to HC after stress. There was no effect of stress on memory performance in any tests, either in healthy controls or in patients with BPD. Conclusion: Our results suggest a slightly blunted response of the HPA axis and the sympathetic nervous system to stress in BPD compared to healthy women. In contrast to hydrocortisone administration, psychosocial stress did not improve memory retrieval in BPD patients. This might be explained by lower cortisol concentrations and parallel increases in norepinephrine and negative affect after stress.
Introduction
Patients with borderline personality disorder (BPD) are characterized by severe self-harming and impulsive behaviour, fear of abandonment, unstable relationships and rapidly changing mood states. Acute stress often leads to further worsening of symptoms with stress-related dissociative and paranoid symptoms, anger, aggression or even suicidal behaviour (American Psychiatric Association, 2013) .
Due to the strong link between BPD symptoms and stress, several studies have investigated whether hypothalamic-pituitary-adrenal (HPA) axis functioning is altered in patients with BPD. In sum, there is evidence for enhanced basal cortisol release, as a marker for HPA axis activation, in concert with reduced feedback sensitivity (Zimmerman & Choi-Kain, 2009 , Wingenfeld, Spitzer, Rullkotter, et al., 2010 . In addition, several studies used a well-established psychosocial stressor, the Trier Social Stress Test (TSST), to investigate the psychobiological response to psychosocial stress in BPD patients. Most of these studies reported a blunted or unaltered cortisol response to stress (Aleknaviciute et al., 2016; Deckers et al., 2015; Ehrenthal, Levy, Scott, & Granger, 2018; Nater et al., 2010; Scott, Levy, & Granger, 2013) .
Compared to the HPA axis, the sympathetic nervous system (SNS) reflects a fast-acting neuronal cascade as a response to acute stress. Salivary alphaamylase (sAA) has found to be a useful marker for stress-induced SNS activation (Nater & Rohleder, 2009 ). Besides alpha amylase, blood pressure and heart rate are important markers for the SNS. However, studies of SNS activation in BPD are equivocal and used different outcome variables. A blunted sAA and heart-rate response after the TSST (Aleknaviciute et al., 2016; Nater et al., 2010; Scott et al., 2013) was found in BPD, but there are also studies which did not confirm a blunted SNS response to stress (Inoue et al., 2015; Simeon, Knutelska, Smith, Baker, & Hollander, 2007) . One study even reported higher stress-induced sAA levels in BPD (Ehrenthal et al., 2018) .
Stress and cortisol are known to affect cognitive processes. Circulating cortisol can pass the blood brain barrier and acts on the brain by binding to two specific receptors: the glucocorticoid and the mineralocorticoid receptor (GR and MR) . Two brain regions with a high density of these receptors are the hippocampus and the prefrontal cortex (PFC), which are strongly involved in cognition, such as memory (de Kloet, 2014) . In healthy individuals, studies show unanimously that cortisol administration or psychosocial stress impairs memory retrieval (de Quervain, Aerni, Schelling, & Roozendaal, 2009; Shields, Sazma, McCullough, & Yonelinas, 2017; Wolf, 2017) and executive function (Schlosser et al., 2010; Shields, Sazma, & Yonelinas, 2016) . Importantly, reduced memory performance after stress has been shown predominantly in exclusively male samples (Kuhlmann, Piel, & Wolf, 2005; Schoofs, Preuss, & Wolf, 2008) .
In BPD, studies investigating the influence of psychosocial stress on memory performance are rare but found comparable effects in patients and healthy individuals. Kaess and colleagues investigated differences between BPD and healthy controls on executive function in a single and dual task paradigm while participants were stressed through noise compared to a control condition (no noise) (Kaess, Parzer, Koenig, Resch, & Brunner, 2016) . Stress led to impaired task performance in the dual task, but this was independent of group. This is in line with a study which showed that psychosocial stress enhanced facial emotion recognition. Again, this effect was comparable in BPD patients and healthy individuals (Deckers et al., 2015) .
In one of our own studies, we used a pharmacological approach in which we investigated the impact of exogenous hydrocortisone administration on memory performance in BPD. Patients and healthy controls first had to perform two long-term declarative memory tasks, one semantic (delayed recall of a word list) and one episodic memory (autobiographical memory). Furthermore, a short-term memory task (working memory) was conducted. All memory tasks took place after having received either 10 mg of hydrocortisone or a placebo. Interestingly, BPD patients showed enhanced memory retrieval after hydrocortisone treatment compared to placebo, whereas healthy controls displayed the expected pattern of impaired memory retrieval . The finding of improved memory function after cortisol in BPD is somewhat contra-intuitive because from a clinical point of view stress rather worsens BPD symptoms. However, pharmacological hydrocortisone administration is not comparable to psychosocial stress. First, the activation of the SNS as well as the psychological stress response is lacking. Second, the cortisol increase is higher in a pharmacological approach compared to the 'physiological' stress response. Third, interaction effects between perceived stress, copings strategies, resilience factors, symptomatology and the individuals physiological stress response might be more complex in a psychosocial stress paradigm in contrast to drug administration.
Therefore, the aim of our study was twofold: First, we aimed to investigate the physiological stress response to the well-validated TSST (Kirschbaum, Pirke, & Hellhammer, 1993) in comparison to a nonstressful control condition, the so-called Placebo-TSST (Het, Rohleder, Schoofs, Kirschbaum, & Wolf, 2009) . This is important as most studies in the field abstain from using a control situation. Our hypothesis was that BPD patients show a blunted cortisol and sAA response to the TSST compared to healthy controls. Based on our finding of improved memory performance after hydrocortisone administration in BPD, the second aim was to investigate, whether BPD patients show improved memory retrieval also after a psychosocial stress-induced endogenous cortisol increase. We hypothesized impaired semantic, episodic and working memory performance after the TSST compared to the control condition in healthy controls but improved memory performance in BPD patients after TSST compared to the control condition.
Methods and material

Participants
We recruited 49 female patients with BPD and 49 healthy control (HC) women. In the BPD group, a current episode of major depressive disorder (MDD) as comorbid disorder led to exclusion from the study, because MDD influences HPA axis function and cortisol effects on cognition differ between BPD patients with and without MDD .
Further exclusion criteria were schizophrenia, schizoaffective disorder, bipolar disorder, anorexia, alcohol dependence or drug dependence (all assessed by DSM-IV SCID axis I Interview). CNS diseases or severe somatic diseases, metabolic or endocrine disorders, autoimmune diseases, current infections, pregnancy, and a body mass index below 17.5 or above 30 also led to exclusion. In addition, healthy controls were excluded if they met diagnostic criteria for any DSM-IV axis I or axis II disorder or reported a history of psychiatric or psychotherapeutic treatment. Intake of any medication also led to exclusion in the control group.
Recruitment of inpatients and outpatients was conducted at the Clinic for Psychiatry and Psychotherapy, Charité Berlin, Campus Benjamin Franklin, Germany. Outpatients and healthy controls were additionally recruited via online advertisement and received financial remuneration (100 euro). Written informed consent was obtained prior to participation. The study was approved by the Local Ethics Committee.
Procedure
We used the Structured Clinical Interview for DSM-IV (SCID) Axis I and II for assessment of mental disorders (Wittchen, Zaudig, & Fydrich, 1997) . In addition, the short version of the Borderline Symptom List (BSL-23) was conducted (Bohus et al., 2009) . Participants are asked to rate their current symptoms on a 5-step Likert scale (0 = not at all, 4 = very strong). In a second part of the questionnaire, dysfunctional behaviour is assessed with 11 items, again on a 5-step Likert scale. To assess childhood trauma we used the Childhood Trauma Questionnaire (CTQ) (Bernstein, Ahluvalia, Pogge, & Handelsman, 1997 , Wingenfeld, Spitzer, Mensebach, et al., 2010 .
A crossover study was performed, in which all participants underwent a psychosocial stressor, the TSST and a control condition in randomized order (within-subject design). The TSST consists of a 10 minutes preparation phase, a job interview (5 minutes) and an arithmetic task (5 minutes) (Kirschbaum et al., 1993) .
The control condition comprised the Placebo-TSST (P-TSST), which is similar to the TSST except for stressful fragments (Het et al., 2009 ). In addition, participants were asked to report their current mood state, stress appraisal and dissociative symptoms prior, directly after and 80 minutes after treatment onset (see Supplemental data for detailed description of methods and results).
Saliva for cortisol and sAA measurement was collected six times during each investigation: two baseline measurements −15 minutes and directly before (P-)TSST, as well as +20, +30, +45 and +80 minutes after (P-)TSST onset. Participants were not allowed to drink immediately before collecting salivary samples. One hour before taking part in the study, participants were deprived of food, caffeine and sugar consisting drinks, but were allowed to drink water during investigation.
The afternoon before the TSST and P-TSST, respectively, the participants learned a word list. On the next day, all tests were conducted between 16:00 and 20:00. TSST and P-TSST were followed by a free recall of the word list (learned the day before), a working memory task (word suppression test, WST) and an autobiographical memory test (AMT) starting 30 minutes after (P-)TSST onset. The TSST and P-TSST were conducted at least one week apart. Due to the repeated measurement design of the study, parallel versions of the memory test were used, except for the WST. Of note, we have shown that the WST is appropriate for repeated measures (Kuffel et al., 2014) . For a detailed schedule of the test-days see Figure 1 .
Memory tasks
Since we aimed to investigate whether our previous findings of enhanced memory performance after administration of 10 mg hydrocortisone in patients with BPD are also seen after psychosocial stress, we conducted the same memory tests as in this previous study .
Delayed free recall of wordlist
The verbal memory test is a word list, containing of 21 words (Terfehr et al., 2011a) . Twenty-four hours before the free recall, participants were presented with the wordlist in a five-trial setting. Words were read out by the investigator with an inter stimulus interval (ISI) of 1-2 seconds. After each trial, participants were asked to recall as many words as possible and were allowed to recall a word multiple times. No time limit was set. On the next day, they were asked to recall as many words as possible. As a score, we use the performance (number of correctly recalled words) of the delayed recall in relation to the fifth trial from the day before as baseline and calculated percentage of correct remembered words.
Autobiographical memory test
We used an adapted version of the AMT (Buss, Wolf, Witt, & Hellhammer, 2004; Schlosser et al., 2010; Williams & Broadbent, 1986) . In the AMT, participants were instructed to remember a specific event from their biography by recalling the specific place they were in, the time when it happened and the people which were involved in the event. Therefore, the participants were consecutively presented with six adjectives, which were presented on cards. Participants had to write down a specific memory from their life related to the presented adjectives. An event was stated as specific, when participants were able to recall at least three dimensions (what, where, when, with whom). An event was labelled as 'non-memory' when participants were not able to find a memory within one minute. The results were evaluated by two independent raters with respect to specificity. Occurring disagreements were solved by a third independent rater. As a score, we used the sum of all specific memories for each participant. Word stimuli were rated concerning valence in a former study (Kuffel et al., 2013) .
Working memory (word suppression test)
The working memory task (word suppression test, WST) (Terfehr et al., 2011b ) comprised of two parts (neutral and negative). Both parts consist of 14 audio recordings with sequences of alternating digits and interference words and were presented via loudspeakers. Therefore, the ISI and intonation were constant over all participants. In the first part, neutral interference words were used, whereas negative words were applied in the second part. The participants consecutively listened to every recorded trial separately and were asked to recall the digits in the presented order but to ignore the interference words. Number of digits and words increased every second trial by one. Rating of the used word stimuli took part in the study by Kuffel et al. (2013) . As a score, we used all successful recalled trials for each participant and for neutral and negative words, separately. 
Laboratory parameters
Salivette collection devices (Sarstedt, Germany) were used to sample saliva for assessment of cortisol and sAA. Samples were immediately frozen and stored at −80°C until biochemical analysis, which were performed in the Neurobiology Laboratory of the Department of Psychiatry, Charité Berlin, Germany. Salivary cortisol was analysed using an adapted homogenous timeresolved fluorescence resonance energy transfer (HTR-FRET)-based competitive immunoassay (for detailed description see Duesenberg et al., 2016) . Intra-assay coefficients of variation were below 8%, inter-assay coefficients of variation were below 10%. The limit of detection of free cortisol was 0.2 nM. sAA activity was determined using a modified protocol of a previously published direct alpha-amylase assay (Rombold et al., 2016) . Inter-and intra-assay coefficients of variation were both lower than 10% for sAA activity. All samples and standards were measured in duplicates.
Subjective stress responses
Besides physiological stress responses, we conducted two self-rating scales to measure subjective stress: the Multidimensional Mood State Questionnaire (MDMQ; Steyer, Schwenkmezger, Notz, & Eid, 1997), which consists of 16 items related to three dimensions, namely 'good vs. bad', 'calm vs. nervous' and 'awake vs. tired'; and the Dissociation-Tension Scale acute (DSS-4; Stiglmayr, Braakmann, Haaf, Stieglitz, & Bohus, 2003) , to assess dissociative symptoms in the course of the investigation. Participants rated their arousal and dissociation before, directly after and 80 minutes after stress or placebo, respectively. Please see Supplemental data for further information and results.
Statistical analysis
We used SPSS Version 24.0 to perform statistical analysis. Demographical data were analysed using Student's t-test for continuous data and Pearson's Chi 2 -test for categorical variables. We controlled all analyses for intake of oral contraceptives by introducing this variable as an additional factor in our analyses. However, because there was no effect of intake of OC in any analyses, this variable was not considered as covariate in our analyses.
Due to violation of normal distribution, we performed a log-transformation on salivary cortisol and sAA as well as blood pressure data for statistical analyses. However, figures present the raw data. Salivary cortisol, sAA and blood pressure were analysed using mixed model ANOVAs with repeated measurements with the within-subject factors time (six measurement points) and stress (TSST vs. P-TSST) and the between-subject factor group (BPD vs. HC). Additionally, Pearson's correlation between cortisol and sAA increase and CTQ as well as DSS scores were calculated. To do so we calculated baseline to peak scores of cortisol and sAA levels in response to stress (BtP, maximum value of t3 to t6 minus mean of t1 and t2). Effects of stress on memory were also analysed with mixed model ANOVAs with repeated measurements with the factors stress and group.
For all ANOVAs, we report partial η2 as effect size. Greenhouse-Geisser corrected p-values are calculated when appropriate. In case of a significant interaction effect, post hoc t-tests and contrasts were performed for pairwise comparisons and to shed more light on a potential blunted reaction in BPD compared to placebo. For all post-hoc tests, we used the BonferroniHolm procedure to correct for multiple testing.
Results
Demographical data and diagnostics
According to the SCID I Interview, BPD patients reported the following current DSM-IV axis I disorders: panic disorder n = 4, agoraphobia n = 3, agoraphobia with panic disorder n = 4, social phobia n = 8, obsessive compulsive disorder n = 7, PTSD n = 22, bulimia nervosa n = 5, generalized anxiety disorder n = 2, substance abuse n = 2, alcohol abuse n = 1.
Overall, 33 BPD patients received psychotropic medication: selective serotonin reuptake inhibitor (SSRI) n = 20, serotonin and noradrenaline reuptake inhibitor (SNRI) n = 7, tricyclic antidepressant n = 2, dopamine and noradrenergic reuptake inhibitor (NDRI) n = 2, antipsychotics n = 9, anticonvulsants n = 8, alpha/beta adrenergic blocker n = 4. Five patients took three and 15 took two different drugs. A total of 16 BPD patients and all healthy controls received no psychotropic medication.
BPD patients and healthy women did not differ with regard to age, years of education and Body Mass Index (BMI). Intake of oral contraceptives (OC) and number of smokers differed significantly between groups.
Overall, 14 patients with BPD took oral contraceptives, 23 were tested in their luteal phase and four in their follicular phase, two were tested while switching menstrual phases from follicular to luteal. In the control group, 22 women took OCs, 14 were tested in their luteal phase, seven in their follicular phase and one participant switched phases during investigation. Sample characteristics are presented in Table 1 .
Physiological data
Cortisol
Three patients with BPD refused to collect saliva, because they felt awkward to chew on salivettes. Main finding of the mixed model ANOVA was a stress*time*group interaction (F 2,169 = 3.88, p = .019, η 2 p = .05), indicating an increase of cortisol over time depending on treatment and group affiliation. Figure 2(a) shows the increase of cortisol after TSST but not after P-TSST in both groups. Furthermore, we revealed a main effect of stress (F 1,77 = 22.3, p < .001, η 2 p =.23), time (F 2,179 = 37.56, p < .001, η 2 p = .33) a stress*time interaction (F 2,169 = 21.47, p < .000, η 2 p = .22) and a time*group interaction (F 2,179 = 3.28, p = .033, η 2 p = .04). There was no significant main effect of group. Post-hoc paired sampled t-tests showed that each groups' cortisol (BPD and HC) release was higher at +30 min, +45 and +80 minutes after onset of TSST compared to the P-TSST (all p < .01, corrected for multiple testing). The healthy controls additionally showed a significant increase at +20 minutes (p < .01, corrected for multiple testing). Post-hoc t-tests for independent samples revealed no differences between groups in their reaction to the TSST.
However, to shed more light on the question of a potential blunted reaction in BPD compared to HC, we additionally conducted a mixed model ANOVA, only with the measurement points pre and post TSST and ran post-hoc contrasts to compare the increase of cortisol from pre to post TSST in matters of group affiliation. The contrasts showed a significant change in cortisol for HC (Pillais' Trace = .185, F 1, 88 = 19.93, p < .001), but only on trend level in BPD (Pillais' Trace = .032, F 1, 88 = 2.95, p = .089). There was no significant correlation between cortisol release (BtP) and CTQ sum score and dissociation before and after the stressor, respectively.
Alpha amylase
In matters of alpha amylase, the main finding was a stress*time*group interaction effect (F 3,272 = 2.63, p = .04, η Post hoc t-tests showed that, in healthy controls, sAA was higher after the TSST at +20 minutes and +35 minutes compared to the P-TSST (all p < .01, corrected for multiple testing). BPD patients showed no significant differences between TSST and P-TSST in matters of alpha amylase, except for the two baseline measurement points prior to treatment (all p < .01, corrected for multiple testing), where the alpha amylase was higher in the placebo condition compared to TSST. Furthermore, post hoc t-tests for independent samples did not reveal any differences between groups in matters of stress. Additionally, we again conducted a mixed model ANOVA only with the two measurement points pre and post TSST and ran post-hoc contrasts to gain information about a possible blunted reaction in BPD. However, the contrasts showed a significant change in cortisol for HC (Pillais' Trace = .178, F 1, 89 = 19.21, p < .001) and on trend level in BPD (Pillais' Trace = .037, F 1, 89 = 3.39, p = .069). Results reflect an increase in sAA in response to the TSST in both groups, which was more levelled in the BPD group.
Additionally, we found a significant negative correlation between sAA release (BtP) and CTQ in the TSST (r = .-25, p = .02). There were no significant associations between dissociation and sAA.
Blood pressure
For systolic blood pressure, we found a significant stress*time interaction (F 4,371 = 7.38, p < .001, η 2 p = .08), which reflects an increase in blood pressure in response to stress but not after the P-TSST in (see Figure 3(a) ). Furthermore, a main effect of stress (F 1,85 = 10.13, p = .002, η 2 p = .11) and time (F 4,353 = 17.66, p < .001, η 2 p = .17) were revealed. Across groups, post-hoc t-tests indicate higher systolic blood pressure at measurement point +20 min and at + 30 min in the TSST compared to the P-TSST (all p < .01, corrected for multiple testing). Post-hoc contrasts revealed that BPD patients and healthy participants did not differ in matters of their stress response.
Main finding for diastolic blood pressure was a stress*time*group interaction (F 4,370 = 2.44, p = .04, η Post-hoc tests showed that directly after the TSST diastolic blood pressure was significantly increased in healthy controls (p < .001) and on trend level in BPD patients (p = .078, corrected for multiple testing). Furthermore, independent t-tests showed that BPD patients had lower diastolic blood pressure compared to healthy controls at +20 min in the TSST condition on trend level (p = .06, corrected for multiple testing). However, post-hoc contrasts indicate no differences in the increase of diastolic blood pressure between HC and BPD from pre to post TSST (see Figure 3(b) ).
Effects of stress on memory
Verbal memory retrieval
We analysed the percentage of remembered words relative to the words recalled after the fifth learning trial on the day before. Patients and controls did not differ in remembered words after the fifth learning trial (p = .49). Mixed model ANOVAs revealed no main effect of group, stress, or any interaction effect (all p > .49, all η 2 p < .01) (see Figure 4 (a)).
Autobiographical memory retrieval
To indicate autobiographic memory retrieval, number of specific events served as dependent variable. Again, no main effects of group, stress or interaction effects (all p > .35, all η 2 p < .01) were revealed (see Figure 4(b) ).
Word suppression test
Number of correctly remembered digits served as dependent variable in the Word Suppression Test. Two independent ANOVAs were performed for each test part, i.e. neutral and negative interference words, as we did in our previous study . ANOVAs revealed a main effect of group related to both subtests of the working memory task (neutral: Controlling these analyses for dissociation scores (see Supplemental data) did not change the results with respect to verbal memory retrieval, autobiographical memory retrieval and working memory (negative test part). In the neutral part of the WST the main effect of group was not found to be significant after controlling for dissociation.
3.3.4.
Comparison between patients with BPD with and without psychotropic medication and with and without comorbid PTSD We used mixed model ANOVAs to compare patients with BPD with (n = 33) and without (n = 16) medication to check for potential influences of medication on physiological responses to the TSST. No main effect of medication or interaction with medication intake occurred, except for diastolic blood pressure, where we found a stress*time*medication interaction effect (F 5,195 = 2.42, p = .04, η 2 p = .06). Post hoc t-tests indicated that only medicated BPD patients revealed the expected increase of diastolic blood pressure after TSST. Concerning memory performance, no impact of medication intake was found.
We also analysed whether BPD patients with a comorbid PTSD differed in their physiological reaction to the TSST and P-TSST compared to BPD patients without PTSD. We only revealed a main effect of group for systolic blood pressure (F 1,38 = 5.97, p = .02, η 2 p = .14), displaying a higher systolic blood pressure in BPD patients with PTSD compared to the BPD patients without PTSD. Groups did not differ with regard to memory performance or the influence of stress on memory.
Discussion
In this study, we investigated the effects of psychosocial stress on (1) biological variables such as salivary cortisol, sAA and blood pressure and (2) memory performance in patients with BPD and healthy women. To examine these questions, we conducted an intra-individual cross-over study so that every participant was tested during and after psychosocial stress and a non-stressful control condition.
Biological response to psychosocial stress
Overall, patients with BPD and healthy women responded with an almost similar increase in cortisol when exposed to psychosocial stress (TSST). However, when only including the pre and post TSST measurement points, the slope of the cortisol increase differs slightly between BPD patients and HC, suggesting a blunted cortisol increase in BPD. Furthermore, there were no group differences in cortisol during the control condition. In contrast to healthy women, there was no increase in sAA and a less pronounced increase in diastolic blood pressure in response to stress in the BPD group directly after TSST. Again, post-hoc contrasts indicate an alleviated alpha amylase increase in BPD compared to healthy controls, when only comparing the pre and post TSST measurement points. Thus, our data suggest a slightly blunted cortisol and SNS increase from pre to post TSST during acute stress in BPD patients.
Our results contrast findings of a clearly blunted cortisol reactivity in response to psychosocial stress in BPD patients compared to healthy controls in earlier studies since we only found small differences between groups from pre to post TSST (Aleknaviciute et al., 2016; Ehrenthal et al., 2018; Nater et al., 2010; Scott et al., 2013) . However, literature on HPA axis function in BPD is heterogeneous and several studies did not find a blunted cortisol response to stress (Deckers et al., 2015; Simeon et al., 2007) . There is evidence that comorbid mental disorders, such as PTSD and MDD (Rinne et al., 2002; Wingenfeld & Wolf, 2015) contribute to HPA axis functioning in BPD patients. Therefore, it is important to take comorbidity with other mental disorders into account. Of note, in our study we excluded patients with comorbid major depressive disorder and found no effect of PTSD on cortisol release. Other authors suggested that childhood trauma (Ehrenthal et al., 2018) and dissociation (Simeon et al., 2007) affect cortisol release to stress in BPD. However, we did not find any significant correlations between CTQ and dissociation scores and cortisol release. Future studies should further examine which factors affect HPA axis regulation in BPD and under which circumstances alterations occur.
Furthermore, we found a slightly blunted SNS response to stress as indicated by (a) a reduced sAA level from pre to post TSST in BPD and (b) a lower peak reaction in diastolic blood pressure in BPD compared to HC directly after TSST. These results again are in line with existing literature since some studies found a reduced activity of sAA (Nater et al., 2010; Scott et al., 2013 ) and a blunted heart rate response (Aleknaviciute et al., 2016) after TSST in this patient group. Other studies did not reveal differences between BPD and HC (Ehrenthal et al., 2018; Kaess et al., 2012; Simeon et al., 2007) . A blunted stress reaction could be potentially explained by adverse events experienced during childhood (Lovallo, Farag, Sorocco, Cohoon, & Vincent, 2012; Voellmin et al., 2015) . Childhood trauma is frequent in BPD and we found a significant association between CTQ scores and reduced sAA. Longitudinal studies are needed to further evaluate this hypothesis. Again, comorbid mental disorders might affect the physiological stress response. In our BPD sample, we found higher blood pressure in those with comorbid PTSD as well as in medicated patients. Of note, a hyperactive noradrenergic system has been frequently reported for patients with PTSD (Delahanty, Nugent, Christopher, & Walsh, 2005; Wingenfeld, Whooley, Neylan, Otte, & Cohen, 2015; Young, Tolman, Witkowski, & Kaplan, 2004) . Thus, differences in study samples might in part explain diverging results in the literature.
In sum, our results in a relatively large sample suggest only slightly blunted cortisol and SNS reactivity to stress in female BPD patients. Of note, we excluded MDD as comorbid mental disorder. Furthermore, we controlled our analyses for comorbid PTSD and found no difference between BPD patients with and without PTSD. Future studies are needed to disentangle the effect of BPD symptomatology and childhood trauma. Furthermore, additional physiological stress markers, such as ACTH, CRH or skin conductance, might be useful to characterize potential alterations in the stress response in patients with BPD.
Impact of stress on memory systems
Second aim of our study was to shed more light on cognitive alterations in BPD during acute stress. In a previous study, we found improved memory performance in female patients with BPD after the intake of 10 mg hydrocortisone compared to placebo . We tested whether these effects were also seen after psychosocial stress and used the same tasks, namely a word list learning test, a test for working memory and an autobiographical memory test, as in our previous study. In contrast to our hypothesis, we did not find an effect of stress on episodic memory retrieval and working memory, either in healthy control women or in BPD patients.
Against our hypothesis, the TSST did not affect memory in healthy controls. While the impairing effects of hydrocortisone administration on memory retrieval appears to be a relatively robust effect (Het, Ramlow, & Wolf, 2005) , the effects of psychosocial stress induction are not that clear (Hidalgo, Almela, Villada, & Salvador, 2014; Luettgau, Schlagenhauf, & Sjoerds, 2018; Wolf, Schommer, Hellhammer, Reischies, & Kirschbaum, 2002) . However, a recent meta-analysis suggested stress to impair memory retrieval (Shields et al., 2017) . Interestingly, reduced memory performance after stress has been shown predominantly in male samples Schoofs et al., 2008) . Another study found an association between cortisol release to stress and reduced memory retrieval only in male but not female participants (Wolf, Schommer, Hellhammer, McEwen, & Kirschbaum, 2001) , which is in line with other observations (Espin et al., 2013) . Thus, the lacking stress effects on memory might be -in part -due to the fact that we investigated only females (Merz & Wolf, 2017) . Intake of oral contraceptives and menstrual cycle might also contribute to the lacking stress effects on memory retrieval in our study . Most but not all free cycling women were tested in the luteal phase of the menstrual cycle. Interestingly, especially in the luteal phase, stress related memory effects seem to be less pronounced or even absent ). However, OC intake did not influence the results in our sample. Additionally, the used memory tests might not be sensitive enough for the relatively subtle effects of stress compared to pharmacological stimulation. As we recently reported effects of psychosocial stress on emotional empathy (Wingenfeld et al., 2018) , one might suggest that more arousing stimuli, such as emotional pictures, might have been more appropriate.
In BPD patients, memory performance was not affected by psychosocial stress induction. This contrasts our earlier findings of improved memory retrieval after hydrocortisone administration in BPD patients . Of note, hydrocortisone treatment, at least at the dose of 10 mg, leads to much higher cortisol levels than a laboratory stressor. Possibly, cortisol induced memory improvement in BPD only occurs under very high cortisol levels.
Interestingly, stimulation of the MR with fludrocortisone led to impaired memory performance in a visuo-spatial memory task and a word list learning test in BPD patients . Endogenous cortisol release through stress activates both receptor types. Thus, in this study memory retrieval was measured during MR and GR activation. In sum, it is possible that in BPD pronounced GR activation through hydrocortisone administration improves memory performance , while MR activation alone reduces memory performance . Endogenous cortisol release through psychosocial stress, however, will stimulate both receptor types in a 'physiological' manner, which seems not to affect memory retrieval in BPD. This might be due to a more balanced GR/ MR activation in the context of moderately enhanced corticoid levels.
Furthermore, psychosocial stress induction differs in other important aspects from a pharmacological approach, such as hydrocortisone or fludrocortisone administration. The TSST also activates the SNS and comprises an interactional/affective component. It has been shown that glucocorticoid effects on memory rely on (co-)activation of the SNS, namely noradrenergic activation (Roozendaal, Okuda, de Quervain, & McGaugh, 2006) . Thus, the observed blunted SNS response in our BPD sample might also account for the lacking stress effects on memory. Additionally, during stress additional HPA axis hormones such as ACTH and CRH are released. Of note, CRH has been shown to influence learning and memory (Roozendaal, Schelling, & McGaugh, 2008) . In sum it seems that enhancing effects on memory in BPD are only found during high cortisol concentration without a full activation of the HPA axis and without noradrenergic activation.
Strengths and limitations
A strength of our study is the intra-individual crossover design using a well-established control condition in addition to the TSST. Thus, possible interindividual differences have been reduced. In addition, the sample size of our within-subject design led to sufficient statistical power. Moreover, a growing body of evidence shows that especially PTSD and MDE as co-morbidities are strongly related to HPA axis alterations (Wingenfeld, Spitzer, Rullkotter, et al., 2010 . Thus, all patients with MDE were excluded from our study. In terms of PTSD, we recruited half of our BPD sample with a current PTSD diagnosis to be able to compare both subgroups.
As mentioned above, most free cycling women were tested in the luteal phase of the menstrual cycle, which might have contributed to the lacking stress effects on memory ). However, the number of women in the follicular and with different phases at the two testing days was too small to perform subgroup analyses. Importantly, we confirmed that OC intake did not influence the results.
Comorbid mental disorders except MDE and PTSD have not been considered in our study, because our relatively large sample was still too small to conduct subgroup analyses with sufficient power. Anxiety disorders like social phobia might be of interest (Lieb, Zanarini, Schmahl, Linehan, & Bohus, 2004; Zimmerman & Mattia, 1999) . Furthermore, many of our patients took psychotropic medication but BPD patients with and without medication did not differ with regard to the outcome variable. As only women were included in this study, no conclusions can be drawn with regard to men.
Conclusion
In sum, our results suggest a slightly blunted cortisol and SNS response to psychosocial stress in BPD. Memory performance in BPD was unchanged in comparison to healthy controls and after stress. This is remarkable as many BPD symptoms worsen under stressful circumstances. Emotional empathy for instance is reduced after stress in these patients (Wingenfeld et al., 2018) . Thus, future studies should examine which kind of stressor leads to worsening of cognitive functioning and which factors mediate this process.
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